Effect of two amphiphilic drugs (tricyclic antidepressant, nortriptyline hydrochloride (NORT), and nonsteroidal anti-inflammatory drug, sodium salt of ibuprofen (IBF)) on the cloud point of biopolymer hydroxypropylmethyl cellulose (HPMC) was studied. Effect of NaCl was also seen on the CP of HPMC-drug system. CP of HPMC increases uniformly on increasing the (drug). Both drugs, though one being anionic (IBF) and other cationic (NORT), affect the CP in almost the same manner but with different extent implying the role of hydrophobicity in the interaction between drug and polymer. Salt affects the CP of the drug in a dramatic way as low concentration of salt was only able to increase the value of the CP, though not affecting the pattern. However, in presence of high concentration of salts, minimum was observed on CP versus (drug) plots. Various thermodynamic parameters were evaluated and discussed on the basis of the observed results.
Introduction
Owing to their nontoxic nature, derivatives of a number of biopolymers (cellulose, starch, etc.) play important roles in food, pharmaceutical, and cosmetics industries where careful addition can be used to regulate the rheology of the system [1] . Hydroxypropylmethyl cellulose (HPMC), a nonionic cellulose ether, is such an important amphiphilic carrier material used for the preparation of controlled drug delivery systems [2] . Due to its prominent viscoelastic and structure forming properties, it is employed as a flow developer, as a tablet binder, as a tablet disintegrant, as a wet granulation binder, and also as an suspending and thickening agent [3, 4] . When heated up to a certain temperature (known as cloud point, CP, or lower critical solution temperature, LCST), aqueous solutions of some polymers have a tendency for reversible phase separation [5] [6] [7] [8] [9] [10] [11] . The LCST implies that the effective solute-solute interactions have a noteworthy temperature dependences and alterations from repulsive to attractive with increasing temperature. The CP phenomenon of cellulose ethers is believed to be due to the decrease in the dipolar character of the C-O bond as a result of either increase in temperature or making the solvating environment less polar [5] [6] [7] [8] [9] [10] [11] . The cloud point of HPMC is affected by the presence of amphiphiles as well as electrolytes, but both of them influence it differently [10, 11] . Clouding of polymers is strongly dependent on the cosolutes. Electrolytes may either increase or decrease the cloud point and may be termed salting in or salting out, respectively, which is generally dependent on the Hofmeister series [9] . Surfactants play significant role in polymer chemistry due to their amphiphilic nature [12, 13] . The hydrophobic interaction together with hydrophilic or polar interaction (electrostatic interaction in case of polymers and surfactants of opposite charges) confers the polymer-surfactant complex fairly new properties [12] [13] [14] .
The drugs of several types, such as tricyclic antidepressants, phenothiazines, nonsteroidal anti-inflammatory drugs, exhibit amphiphilic character and are capable of producing ordinary micelles or micelle-like aggregates at or above a concentration [15] [16] [17] [18] [19] [20] known as critical micelle concentration.
Drug delivery formulations are designed in such a way that these are either targeted, sustained, or stimuli responsive [21] [22] [23] . Sometimes it is desired to target the therapeutic agents according to the physiological conditions of the particular organ. Since electrolytes have a tremendous role in the biological processes, we have designed our study which is based on the phase separation of the polymer affected by amphiphilic drugs in presence of NaCl, which is often used as excipient in various drug formulations [24] [25] [26] . The results may be helpful to modulate the delivery systems which contain the cellulose derivatives. The targeted as well as sustained release can be achieved by taking desired amount of drug in combination with the appropriate quantity of the electrolyte.
In this study effect of two amphiphilic drugs, nortriptyline hydrochloride (NORT) and sodium salt of ibuprofen (IBF), on the phase separation of cellulose ether HPMC was seen in pure aqueous medium and in presence of NaCl.
Experimental Section
hydroxypropylmethyl cellulose, HPMC (molecular weight ∼ 10,000, hydroxypropoxyl content ∼9%, 99%, Fluka, Japan), nortriptyline hydrochloride, NORT (99.0%, Sigma, USA), sodium salt of ibuprofen, IBF (>99%, Sigma, USA), were used as received.
Freshly prepared stock solutions of the polymer were used to obtain samples for CP measurements (containing HPMC with or without drugs). CPs were obtained by placing Pyrex glass tubes (containing the sample solutions) into a temperature controlled bath, the temperature of which was ramped at the rate of 0.1 ∘ C/min near the CP, and onset of clouding was noted by visual inspection. However, the temperature was oscillated slowly through the CP until reproducible (±0.1 ∘ C) [10, 11] . Critical micelle concentration of the drug was determined by conductivity measurement and the experimental details are given elsewhere [20] .
Results and Discussion

Effect of Amphiphilic Drugs on Cloud Point of HPMC.
Structures of both IBF and NORT are given in Scheme 1. IBF is a well-known nonsteroidal anti-inflammatory drug which is surface active and found to behave like hydrotropes [27] with an anionic head group, whereas NORT, which belongs to tricyclic antidepressant category, is also an amphiphilic cationic drug [14] . When the solution of pure HPMC (1% w/v) is heated, phase separation occurs at about 60 ∘ C; this means that below this temperature HPMC molecules are surrounded by a network of water molecules and, at higher temperature, entropy destroys the network and phase separation occurs due to the weak van der Waals' attraction between the polymer chains [28] . Figure 1 describes the effect of IBF and NORT on the cloud point of HPMC (1% w/v). Effect of both drugs is similar; that is, on increasing the drugs concentration CP increases ( Figure 1 ). When mixed together, both polymers and amphiphiles are known to increase the solubility of each other. It can be discussed in terms of the change in the hydrophobic/hydrophilic balance in the system and, as a result, modification of the interaction [29] . Since the interaction of HPMC with IBF and NORT starts with the binding of drug and polymer the resulting complex could be considered as a polyelectrolyte. It is evident from Figure 1 that addition of small amount of drugs causes the CP to increase due to the beginning of the increased interaction between HPMC and drug. This indicates a high degree binding between polymer and drug. The CP change of the polymer on addition of amphiphile is governed by a delicate balance between electrostatic, hydrophobic and steric interactions. When more amounts of drug are added, the increase in the effective charge density (due to the drug-polymer binding) may lead to increase in the repulsive electrostatic forces. Amphiphiles play an important role in polymer chemistry due to their unique amphiphilic feature [12, 13] . For example, hydrophobic portion of amphiphile interacts with hydrophobic polymers or rather with hydrophobic groups of water soluble polymers and the formed complex has somewhat new properties due to the presence of hydrophilic portion of amphiphile. The other factor which is also significant is the steric hindrance between the bulky groups of the polymer chain and amphiphile. Steric repulsion is the unfavorable interaction between drug and polymer segments [30] . The distinct increase of CP with higher concentration of amphiphile is a usual sign of polymer's strong binding with amphiphile. Since IBF is less hydrophobic as compared to NORT which is clearly understood by their respective CMCs (NORT; 23 mM [20] and IBF; 90 mM [27] ), the latter is more effective in increasing the CP of HPMC (Figure 1 ) due to stronger interaction with the hydrophobic portions of HPMC. Though, on the basis of their chemical structure (Scheme 1), steric hindrance will be more in case of NORT as compared to IBF, it seems that its effect is negligible as compared to the hydrophobic as well as electrostatic interaction. In case of IBF, significant change in the CP is observed when the drug reaches around 150 mM and this can be explained on the basis of the critical micelle concentration (CMC) of the drug in presence of polymer [20] . Since at CMC the solubility changes dramatically, it can be concluded that the polymer was solubilized by the micelles of drug and it causes the increase of the solubility which eventually affects the CP. Though NORT has also followed a similar pattern, in this case such a break is not so prominent ( Figure 1 ) and if we carefully examine, it seems to appear at around 40 mM. For confirming this break point we have examined the CMC of the NORT in presence of 1% w/v HPMC and it was found to be 38 mM ( Figure S1 ). The presence of electrolytes has long been known to alter the physicochemical properties of both amphiphiles and polymers [31] [32] [33] . Micelle formation of amphiphiles shifts to the lower concentrations when salts are present [31, 32] . Salts also influence the polymer-solvent interactions and thus the CP. Salts, when added, usually prefer an aqueous environment and remain away from the polymer. Consequently, the polarity of the solvent increased resulting in the lowering of the chemical potential of water and an increase of the surface tension between polymer and water. This leads to the increase in hydrophobicity, decrease in the solubility of the polymer, and a subsequent decrease in the CP [34] . NaCl, when present in low amount (Figures 2 and 3) , did not influence the polarity of water and hydrophobicity of the polymer-drug complex significantly; that is why the system behaved like salt-free solution. However, when the salinity increased, the CP pattern initially followed the typical pattern and there was a notable decrease in the CP in presence of 100 mM NaCl which becomes more prominent on further increase in salt concentration. For the drug-polymer complex, it can be concluded that, in presence of high concentration of salts, the initial decrease of CP is due to the shielding of the ionic head groups of the drug molecules adsorbed to the HPMC [29] . In presence of salt, screening of repulsive forces occurs and due to the presence of hydrophobic portions the attractive forces start to dominate. Due to salting out from the water phase (repulsive ion-hydrocarbon interactions), increase in the interior hydrophobicity of both drug and polymer occurs which increased the drug-polymer binding. Since the resulting complex could be considered as polyelectrolyte, it remained away from the water phase due to salting out of the hydrophobic phase. This overall phenomenon leads to the lowering in CP on increase in the salinity. At high concentration of drug, likely formation of the micelles may lead to the increase in the CP since the influence of the intermicellar repulsion, along with a preference for the polar part of the polymer chain by the micelles, may become important. The preference of hydrophobic portion of the polymer to the hydrophobic core of the micelles in aqueous medium also favors the increased solubility of the polymerdrug complex and the decrease in the hydrophobic repulsion of the solvent and polymer-drug complex [29, 35] .
Thermodynamics of the Cloud Point.
It is clear that CP is regarded as the formation of the separate phases of the components present in the solution. Several studies report the explanation of the clouding phenomenon in terms of the energetics which is based on the solubility of the clouding species (in terms of mole fractions) in presence of various additives [36, 37] . The water is separated from the clouding components and set aside from the solution. Therefore, CP can also be regarded as the solubility constraints of the clouding components at that temperature. The free energy of phase separation or clouding (Δ 0 ) is as follows:
where , , and are mole fractional solubility at CP, the gas constant (8. 
and the entropy changes by using the Gibbs-Helmholtz equation: Table 1 enlists the values of thermodynamic parameters at the cloud point with respect to HPMC concentration. On the basis of our observations we have divided our results into two categories, that is, type 1 and type 2. Since CP of HPMCdrug system increases on increasing the drug in absence and presence of 10 mM NaCl, these systems fall under type 1 system. Systems containing higher amounts of salts have been placed under type 2 systems.
The CP of HPMC for both systems (type 1 and type 2) decreases on increasing its concentration at fixed drug concentration (50 mM) and Δ 0 becomes less negative (indicating that the clouding is becoming energetically less favorable on increasing the concentration of the polymer). The system becomes slightly more ordered on increasing the polymer as indicated by a decrease in the entropy of all the systems used in the study. While seeing the effect of polymer concentration on the energetics of clouding, it was found that Δ 0 was almost of comparable magnitudes for a particular type and type 2 systems were more endothermic as compared to type 1.
The values of energetic parameters for both drugs at varying drug and 1% w/v HPMC are given in Table 2 . For type 1 systems the Δ 0 becomes less negative on increasing the drug concentration. In case of type 2 systems Δ 0 / versus 1/ curves have two stages (Figures 2-5 ). The first stage belongs to the lower concentrations of drug and is entropy controlled with positive entropy and enthalpy, while the second stage is mainly controlled by enthalpy; that is, the process is exothermic and the system becomes more ordered in this stage. It is concluded that type 1 systems are controlled by enthalpy with a significant ordering of the system. A large amount of heat is liberated during the complex formation between the HPMC and the amphiphilic drugs.
Stage I. It is apparent from Table 2 that entropy of the system for type 1 systems is positive for the endothermic process. As mentioned above that CP occurs due to the increased entropy of the system, drug monomers, when added to the system, further increase the overall entropy due to their interaction with the polymer making the system more disordered by affecting the water structure. Therefore, it can be concluded that the system becomes more disordered and the absorption of heat also takes place during stage I.
Stage II. The second stage is enthalpy controlled with negative entropy. This occurs probably due to the formation of ordered complexes which are generally formed at higher concentrations of drugs. The formation of complexes at higher concentration ends up with the release of heat with overall ordering of the system.
Conclusions
Effect of NaCl was seen on the cloud point (CP) of the nonionic polymer hydroxypropylmethyl cellulose (HPMC) and amphiphlic drug system. In absence and in presence of low salt the CP of HPMC was found to be increased on increasing the drug concentrations. However, in presence of high concentrations of salt, amphiphilic drugs were found to influence the CP in a manner that, on increasing the drug concentration, CP first decreased and then started increasing after reaching a minimum. It was concluded that the main driving force of the interaction between the amphiphilic drugs and polymer was the ionic-dipole interaction between the head group and dipole of the drug and polymer, respectively.
